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INTRODUCTION

The industrial sector’s development undoubt-
edly is significant, rapid, and has more advantag-
es. However, it is not without drawbacks, where 
there are passive impacts on the environmental 
components due to solid and liquid waste. In-
dustrial solid waste as bentonite waste produced 
from factories of recycling spent engine oil which 
is saturated with oil and discarded without effi-
cient remediation, which characterized by mobil-
ity, and toxicity and has negative impacts on the 
environmental components, soil, and groundwa-
ter and directly on microbial population due to 
oil contains aromatic and aliphatic hydrocarbon 
(Jaber, 2020). Industrial liquid waste causes wa-
ter pollution due to its tremendous heavy metals. 
The characteristics of heavy metals in aquatic 
environments are soluble, persistent, and non-
degradable. Thus, living cells can absorb heavy 
metals easily (Ugwu et al., 2020).

The removal of heavy metals from the envi-
ronment is very significant. Removal or recovery 
technologies of metal ions are filtration, ion ex-
change, chemical precipitation, chemical oxida-
tion, electro-deposition, and membrane systems. 
These conventional methods are costly, energy-
demanding, and often associated with discharg-
ing contaminated byproducts, hence utilizing 
the adsorption process due to the simplicity of 
equipment, operation, and a low-cost method of 
heavy metals removal from wastewater (Ingleza-
kis et al., 2007; Güzel et al., 2015). Adsorption is 
a mechanism in which molecules or ions (called 
adsorbates) transport from a solution to adhere to 
a particle surface (called an adsorbent) through 
physical and chemical bonding.The adsorption 
capacity depends on the availability of active sites 
in the adsorbent particles and the accessibility of 
incoming molecules or ions to the active sites 
(Inglezakis et al., 2007). In recent decades, ex-
tensive efforts have been devoted to investigating 
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and characterizing new and low-cost adsorbents 
for specific heavy metals with high removal ca-
pacities. Moreover, several types of research uti-
lized low-cost materials such as clay, agricultural 
waste, and industrial by-products as adsorbents 
for pollutant removal in an aqueous solution. The 
well-known types of agricultural waste that have 
been employed in the removal of heavy metals 
are maize stalks (Marin et al., 2021), palm date 
pits (Esmael et al., 2014), wasted black tea (Mal-
akahmad et al., 2016), peanut shells, eucalyptus 
bark, nutshells, olive pips, plum seeds, pine saw-
dust, peach stones (Hansen et al., 2010), sesame 
seed cake powder, groundnut seed cake powder, 
and coconut cake powders (Pavan Kumar et al., 
2019). Furthermore, industrial byproducts such 
as fired coal fly ash (Papandreou et al., 2007), red 
mud (Smičiklas et al., 2014), olive stone waste 
(Corral Bobadilla et al., 2020), blast furnace slag, 
sludge, dust (Ahmaruzzaman, 2011), waste rubber 
tire, waste slurry, lignin, fly ash, red mud (Hussain 
et al., 2021). Natural clay is a significant adsorbent 
for heavy metals and it is a low-cost material as 
well, environmentally friendly, and locally avail-
able material such as montmorillonite (de Pablo et 
al., 2011), smectite (Mbadcam et al., 2011), ben-
tonite (Kaya and Ören, 2005), kaolinite [17, 18], 
vermiculite (Malandrino et al., 2006) and goethite 
(Abdus-Salam and Adekola, 2005).

Indeed, a broad range of natural adsorbent 
materials had used for treating a wide variety of 
pollutants. However, the ideal adsorbent should 
have specified properties for environmental and 
industrial applications. The objectives of this 
study are 1) thermally remediation of engine 
oil-contaminated bentonite waste and to dimin-
ish the negative impacts on the environmental 

components, 2) identify the chemical and physi-
cal characteristics of TRBW using XRD, FTIR, 
SEM, EDS, and BET tests as a new adsorbent 
material, cheap, locally available, 3) examine the 
ability of (TRBW) to remove the heavy metals 
in the aqueous solution with different parameters 
such as initial concentration, adsorbent dose, con-
tact time, pH, and temperature, and considered 
as an environmentally friendly method for heavy 
metals removal from aqueous solution, and 4) 
analysis of the experimental data with different 
models such as isotherms which included Lang-
muir, Freundlich, and Temkin, while the kinetics 
including (Pseudo-First-Order Kinetics, Pseudo-
second-Order, intra-particle diffusion, and Elov-
ich), and finally thermodynamic analysis.

MATERIALS AND METHODS

Preparation of the adsorbent

The plants of spent engine oil recycling [PSE-
OR] use Bentonite clay as an adsorbent material 
for refining spent oil. The generated Bentonite 
waste (BW) or the industrial by-products were in 
massive quantities and saturated with oil; hence, 
it is combustible as shown in Figure 1a. The BW 
was remediated thermally in two phases, first, the 
self or direct combustion, where the energy source 
of this combustion is the residual oil, and the BW 
at this phase converts to black powder (Fig. 1b), 
Whilethe second phase, the black powder is burn-
ing in an electrical furnace at 700 °C for 100 min-
utes to achieve the desorption of residual oil and 
impurities (Cao et al., 2017; Kumar and Lingfa, 
2020). In the later phase, it was reddish-white 

Figure 1. Bentonite clay: (a) contaminated bentonite waste, (b) bentonite 
waste after direct combustion, (c) bentonite waste after burning
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powder (Fig. 1c). The Bentonite clay was com-
posited from smectite with 69.1%, quartz 18.3%, 
zeolite 5.1%, plagioclase 4.7%, and feldspar 2% 
(Skvortsov et al., 2021).

Chemicals and apparatus

The chemicals used in this study were ana-
lytical grade, purchased from PanREAC. Co. 
(Spain), prepare stock solutions (1000 mg/L) by 
dissolving an appropriate amount of salts ZnCl2, 
NiCl2.6H2O, CdCl2.H2O, CrCl3. 6H2O, and PbCl2 
in distilled water to prepare ions (Zn, Ni, Cd, Cr, 
and Pb) respectively, then, the stocks store in the 
refrigerator, and the demanded initial concentra-
tions in the experiments prepare by diluting the 
stock solutions with different proportions of dis-
tilled water. The mountainous pH values of so-
lutions were to the required value by adding the 
required amount of 0.4N HCl or NaOH in drops.

The heavy metal samples were investigated 
using the flame atomic absorption spectropho-
tometer (type: SHIMADZU, Model: AA-7000, 
JAPAN). The X-ray diffraction (XRD) of the 
RBW test was in the XRD using (XrdXpert PA 
analytical Phillips Holland) with a high-power 
CuKα radioactive basis (0.154 nm wavelength) 
created at 40 kV/40 mA. The scanning of samples 
with a step size of 0.02° and a counting time of 
0.2 sec per step.

In a Fourier- transformed infrared (FTIR) 
spectroscopy test using FT-NIR Spectrometer 
(The Spectrum Two N; PerkinElmer., USA), the 
test range of the region was 4000–450 cm−1 at 
room temperature. The resolution scanning of the 
sample was 16 times at 4 cm−1.

The RBW surface morphology has been 
scanned by high-resolution scanning electron mi-
croscopy (FESEM TESCN MIRA3 FRENCH). 
Energy Dispersive X Ray Spectroscopy (EDX) 
analysis has been carried outto identify the total 
chemical compositions of the samples. BET test 
to identify the external, specific surface area, 
and pore size by the Brunauer Emmett Teller 
(BET) method using Micro-Active for TriStar II 
Plus 2.03, and also measure of N2 adsorption-
desorption isotherms for TRBW at -196.9 °C, 
where the sample weight of TRBW adsorbent 
was 116.9 mg for 6 hr.

Adsorption experiments

The experiments of adsorption were carried 
out with different parameters, pH (2–13), adsor-
bent dose of RBW (0.05, 0.1, 0.2, 0.5, 1, 2, and 
3 g/100 ml), contact time (5, 10, 20, 40, 60, 100, 
and 150 min), temperature (30, 40, and 50 ċ) and 
initial metal concentration (10, 20, 50, 75, 100, 
150, and 200 mg/L). At the adsorbent dose ex-
periments, the parameters of initial concentration 
of 100 ppm, pH of 7, contact time of 30 min, and 
room temperature, where the optimum adsorbent 
dose was appointed equal to 0.2 g/100 mL. The 
equilibrium isotherm models were built from 
the results of initial concentration experiments. 
Moreover, the kinetic model and thermodynamic 
analysis were conducted based on the contact time 
and temperature experiments. The batch adsorp-
tion mode uses a graduated plastic beaker filled 
with 100 ml of (Cd, Cr, Pb, Ni, or Zn) solution. 
The agitation velocity for sample shaking was set 
at 300 rpm. The sample passed through filtration 
paper to attain the TRBW particles, then the con-
centration of metal ions was determined with the 
flame atomic absorption spectrophotometer. The 
removal efficiency % and the adsorption capacity 
(mg/g) of heavy metals were calculated using the 
following equations, respectively.

Removal efficiency % = �
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(2)

where: Ci and Ce (mg/L) – the concentrations of 
the heavy metal in the initial and equilib-
rium times, respectively;    
V (L) – the used volume of the solution in 
the test, and W (g) is the adsorbent weight.

RESULTS AND DISCUSSION

Characteristics of TRBW

Table 1 shows the structural parameters and 
elemental composition of TRBW obtained from 
BET and EDX tests, respectively. Figure 2 repre-
sents N2 adsorption-desorption isotherms linear 
where a high quantity was adsorbed near satura-
tion pressure. The results of the EDX indicated 
that the essential elemental ranking of TRBW 
was O > Si > C > Al with a total percentage of 
more than 87% and less than 13 % for summation 
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of minor elements which ranked such as Mg > S 
> Ca > P and Na as shown in Figure 3.

Figures 4a and 4b show the FTIR spectro-
scopic analysis of TRBW before and after adsorp-
tion of different metals (Pb, Cd, Cr, Zn, and Ni) 
in the 400–4000 cm-1 range, respectively. They 
verify the presence of functional groups that 
might be responsible for the adsorption process, 
variations in the peaks were apparent due to the 
adsorption of different metals by TRBW, where 
the absorbance bands of loaded adsorbents with 
Cr, Cd, and Pb are higher than with Ni, Zn, and 
free adsorbents, especially with bands of 1048 
and 484 cm-1. The broadband at the 3400 cm-1 

range was due to the stretching vibration of H-
O-H of hydrogen-bonded inter-layer water mole-
cules, (Cukrowicz et al., 2020; Ullah et al., 2021), 
and the weak absorbance band in the 2920 cm-1 

range appeared due to thestretching vibration of 
the C–H (Ewis et al., 2020; Huang et al., 2015), 

another absorbance band at range 2360 was due 
to [-OH] stretching vibration (Mohammed et al., 
2018). The 1652 cm-1 band has belonged to the 
OH− deformation of water (Fatiha & Belkacem, 
2016; Ullah et al., 2021) or resulted from the H–
OH bending vibration (Huang et al., 2015; Nwosu 
et al., 2018).

The band at 1404 cm-1 is due to the carbon-
ate’s presence as impurities (Ma et al., 2016; Ritz 
et al., 2011). The high strong band (1050–1048) 
was associated with Si–O–Si Stretching vibra-
tions which corresponds to the characteristic of 
the Bentonite clay group (Aguilar et al., 2020; 
Fatiha and Belkacem, 2016; Karapinar and Do-
nat, 2009). The peaks at (794–789) wereas as-
signed to the Si–O stretching due to the presence 
of quartz (Fatiha and Belkacem, 2016), kaolin 
(Nwosu et al., 2018), and disordered tridymite 
(Paluszkiewicz et al., 2008). The weak peak was 
in the range of (678–668) and was an indicator 

Table 1. Structural parameters of TRBW

Characteristics Value Elemental
Composition Weight %

Specific surface area (m²/g) 67.17 C 14.63

External surface area (m²/g) 77.29 O 32.34

Langmuir surface area, (m²/g) 994.94 Na 1.38

BET surface area (m²/g) 69.61 Mg 3.62

Total pore volume (cm3/g) 0.15 Al 9.09

Pore size, (nm) 8.54 Si 31.56

BJH adsorption cumulative surface area of pores (cm2/g) 116.72 P 1.8

BJH adsorption cumulative volume of pores (cm3/g) 0.23 S 3.38

BJH adsorption average pore diameter (nm) 7.80 Ca 2.2

Figure 2. Adsorption–desorption curves of TRBW
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of the combined Al-O and Si-O bending vibration 
(Mohammed et al., 2018). The bands at 569 and 
484 cm-1 were assigned to the deformation vibra-
tions of Si–O–Al and Si–O–Si, respectively (Am-
ari et al., 2018) or correspond to Si–O–Al and 
Si–O–Mg, respectively (Eloussaief et al., 2011).

Figure 5 shows SEM images that investi-
gate the shape and surface morphology of the 
TRBW. The properties of the structure were 
layered and had small voids such as pores, 
cavities, and ravines. According to these prop-
erties, the opportunities for adsorption on the 

Table 2. XRD Results of TRBW
d-spacing [Aᵒ]FWHM [°2Th.]Pos. [°2Th.]No.

9.5500.5909.261

4.7850.49218.542

4.4440.24619.983

4.0470.39421.964

3.4720.19725.665

3.3260.14826.816

3.1600.14828.247

2.4990.19735.938

2.1000.78743.079

1.9730.1845.9710

Figure 4. FTIR spectroscopic analysis of TRBW before adsorption (a) and after adsorption (b)

Figure 3. The EDS spectrum of TRBW



293

Journal of Ecological Engineering 2023, 24(5), 288–305

TRBW surface were high. Moreover, the pre-
sented voids assisted the metal ions in the deep 
penetration and binding to the active sites of 
TRBW, as reported in the literature (Moham-
med et al., 2018). Also, according to the dif-
ferent colors and shapes, it is approved that 
the TRBW has more than one component. The 
XRD patterns analysis of TRBW showed Table 
2 and Figure 6. The reflections at 2θ = 9.26°, 
18.54°, 19.98°, 21.96°, 25.65°, 26.80°, 28.24°, 
35.93°, 43.07°, and 45.97° can be observed for 
RBW. The peaks of 2θ (19.98°, 21.96°, and 
35.93°) refer to the presence of montmorillon-
ite, (2θ = 21.96°, 25.66°, and 26.81°) to the 
quartz, (2θ =43.07 to calcite) and (2θ =28.24° 
to the feldspar) as reported in the previous lit-
erature (Cukrowicz et al., 2020), (Taher et al., 
2018), (Meneguin et al., 2017), (Chen et al., 
2015) and (Đukić et al., 2015).

Factors affecting the heavy 
metals removal efficiency

Contact time

The experiments of contact time between 
heavy metals were carried out with varied peri-
ods in the range of 5–150 minutes with param-
eters of initial heavy metals concentration, the 
dose of TRBW, and the initial pH of the solution 
equaled to 100 ppm, 0.2 g/100 ml, and 6.5, re-
spectively at room temperature. According to the 
adsorption removal efficiency shown in Figure 
7a, it was apparent that the removal efficiency of 
heavy metals Pb, Cd, Zn, Cr, and Ni was affected 
by contact time where increasing contact time 
from (5 to 150 minutes) increase the removal ef-
ficiency from 95.8 to 98.0%, 83.1 to 93.4%, 58.4 
to 80.3%, 58.5 to 70.6%, 55.6 to 66.9%) respec-
tively. Moreover, the affinity of adsorbed heavy 

Figure 6. The XRD patterns of TRBW

Figure 5. SEM images of TRBW



294

Journal of Ecological Engineering 2023, 24(5), 288–305

metals to TRBW was different due to the elec-
trochemical characterization of the self-metal ion 
(Shaheen et al., 2013). The ranking of adsorbed 
metal was listed where: Pb (II) > Cd (II) > Zn(II) 
> Cr(II) > Ni(II); therefore, it was apparent that 
TRBW had a superior activity for removal of 
heavy metals of (Pb, Cd) from aqueous solution 
with quick time. However, heavy metals (Zn, 
Cr, and Ni) had less transporting efficiency from 
the aqueous solution to the TRBW surface and 
required more time. The rapid adsorption at the 
start is due to the availability of a high number 
of binding zones on the adsorbent surface (Panda 
et al., 2020). It is apparent that the removal ef-
ficiency curves were less variation and more sta-
bility in the adsorption capacity occurring after 
the 30-minute; hence, the time of 30 minutes was 
utilized as a compromise time.

Initial pH

The nature of TRBW was alkaline due to the 
point zero charges (pHpzc) of TRBW being 10.4; 
therefore, the pH of the aqueous solution shifts 
from neutral at the initial to 10.4 at the end of the 
experiment. The pH of the aqueous solution plays 
a significant role in the adsorption efficiency of 
metal ions onto clay surfaces (Đukić et al., 2015). 
The role of the pH values of aqueous solution in 
the removal of heavy metals was probed within 
the pH range 2–13 at ambient temperature utiliz-
ing 0.2 g/100 ml of TRBW dosage,adding 0.4 N 
of H2SO4 or NaOH solutions to adjust the pH of 
the aqueous solution.

The increases in removal efficiency were pro-
portional to pH values, where an increase in the 

pH value from 2 to 13 increased the removal ef-
ficiency of Zn, Cr, and Ni from (57.2 to 99.4 %, 
51.0 to 99.9%, and 54.9 to 99.9%, respectively. 
However, the maximum removal efficiency of 
Pb and Cd was (99.6% and 99.9%) at a pH value 
equal to 11 and lowered after (pH = 11) to equal 
91.9% and 99.8%). Also, it was apparent that 
there was a marginal increase in the removal ef-
ficiency for Pb, and Cd with increasing pH value, 
as shown in Figure 7b.

Increasing the pH value increases the removal 
efficiency of heavy metals that result from elevat-
ing electrostatic forces of attraction due to the 
negative charges of the TRBW surface, leading 
to the adsorption of positively charged metal ions 
(Huang et al., 2015). Nonetheless, at a lower pH, 
the active sites of TRBW were more protonated, 
or in other meaning, At lower pH, the number of 
hydrogen ions is high then the metal ions have to 
compete between them for the accessing to ac-
tive sites in TRBW, and consequently, the metal-
ions are less accessible for binding with the active 
sites (Bhattacharyya & Gupta, 2006).

Temperature 

The experiments of temperature effect on the 
removal efficiency were carried out at tempera-
tures range of (30, 40, and 50 °C) where it was 
apparent that the increasing temperature leads to 
an increase in removal efficiency of heavy metals 
as shown in (Fig. 8a). The increase in removal 
efficiency was oblivious due to increasing tem-
perature where remained concentrations in aque-
ous solution after the adsorption process for Pb, 
Cd, Zn, Cr, and Ni in 30 °C were (3.156, 11.571, 

Figure 7. Effect of (a) contact timeand (b) pH on the heavy metals adsorption efficiency 
(concentration = 100 ppm, adsorbent dose = 0.2 g/100 ml, temperature of room)

a) b)



295

Journal of Ecological Engineering 2023, 24(5), 288–305

31.868, 39.780, and 40.0355 ppm) while in 50 °C 
were (0.833, 3.012, 21.590, 31.471, and 32.779 
ppm) respectively. Rising temperature reduces 
the viscosity of the aqueous solution and then 
increases the mobility and diffusion of the metal 
ions across the pores, the cavities, and the ravines 
of the adsorbent and then increases the adsorption 
capacity (Romdhane et al., 2020). So, the num-
ber of attracted metal ions to the active sites was 
high. Also, the benefit of temperature will be the 
extent of pore size and create new active sites on 
the adsorbent surface due to breaking the bonds 
(Gottipati, 2012).

Dose of adsorbent

The effectof TRBW dose on the removal ef-
ficiency was investigated using different ranges 
(0.05 to 3) g/100 ml of solution with constant 
parameters (initial concentration= 100 ppm, pH= 
10.4, room temperature, agitation speed 300 
rpm, and contact time 30 minutes). The removal 

efficiency of the metal ions with adsorbent doses 
was plotted in Figure 8b.

Increasing the dose of TRBW from (0.05 to 3)  
g/100 ml decreases the remained concentration 
of heavy metals (Pb, Cd, Zn, Cr, and Ni) in aque-
ous solution from 51.492 to 0.055 ppm, 63.915 
to 0.2185 ppm, 78.9577 to 0.0884 ppm, 81.1654 
to 0.1862 ppm, and 83.922 to 0.2310 ppm, where 
the removal efficiency increase from 48.51 to 
99.95%, 36.09 to 99.78%, 21.04 to 99.91%, 
18.84 to 99.81%, and 16.08 to 99.77%, respec-
tively. Moreover,when the TRBW dose was 
equal to 0.5 g/100 mL, the removal efficiency of 
(Pb, Cd, Zn, Cr, and Ni) reached 98.8%, 97.9%, 
99.2%, 96.5%, and 96.99%, respectively. There-
fore, the finding exhibited that any increase of 
the dose above 0.5 g/100 ml of solution is not 
significant for metal ions removal due to the 
availability of active sites of RBW that prevents 
removing the entire metal ions (Mohammed et 
al., 2018). At low doses, the available active site 
is not adequate to absorb all metal ions in the 

Figure 8. Effect of (a) temperature, (b) adsorbent dose, and (c) initial heavy metals 
concentration on removal efficiency (contact time = 30 minutes, pH = 10.4)

c)

b)a)
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solution. The increase in adsorbent doses means 
more adsorption sites and surface area, conse-
quently amounting to the quantity of metal ions 
removal (Potgieter et al., 2006).

Initial concentration of heavy metal

The effect of initial concentration of heavy 
metal was carried out with a varied range (10, 
20, 50, 75, 100, 150 and 200) ppm with con-
stant parameters (adsorbent dose = 0.2 gm/100 
mL aqueous solution, agitation speed = 300 
rpm, contact time 30 minutes, room temperature 
and pH = 10.4) as shown in Figure 8c, where 
an increase in the initial concentration of heavy 
metals (Pb, Cd, Zn, Cr, and Ni) from (10 to 200 
ppm) decrease the removal efficiency from (99.1 
to 87.9%, 97.5 to 69.9%, 95.0 to 39.2%, 93.3 to 
37.1%, and 91.6 to 34.9%), respectively. High 
initial concentration accelerates the driving force 
and reduces the mass transfer resistance [48]. It 
was interpreted by the fact that at a fixed adsor-
bent dose, a fixed active site of the adsorbent was 
available for the adsorption of metal ions,and at 
elevated concentration, a greater interaction oc-
curs by the metal ions remaining in the aqueous 
solution to be retained by the binding the active 
sites (Puchongkawarin et al., 2021).

Adsorption isotherm

The equilibrium adsorption or adsorption 
isotherm is designed to correlate the experi-
mental data properly, where it results from re-
lationship between adsorbate equilibrium con-
centration (Ce) per unit (mg) and quantity of the 
adsorbentper unit (g) at constant temperature, 
it is considered one of the most characteristics 
in the adsorption system to describe the inter-
action between the adsorbates and adsorbnet 
and also determine the optimum quantity of 
adsorbent. Isotherm parameters for the adsorp-
tion of metal ions on TRBW were estimated via 
linear and non-linear forms of the Langmuir 
(Eq. 3 and 4), Freundlich (Eq. 5 and 6), and 
Temkin (Eq. 7), respectively. The assumption 
of the Langmuir model depends on the reality 
that the adsorbate was adsorbed onto a mono-
layer adsorbent exterior with a limited number 
of homogeneous active sites on the adsorbent 
(Li et al., 2012).
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𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝐾𝐾𝐾𝐾2 ∗ 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

1
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

(𝑡𝑡𝑡𝑡) 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡
1

2� + 𝑎𝑎𝑎𝑎 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = �
1
𝛽𝛽𝛽𝛽
� 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝛼𝛼𝛼𝛼 ∗ 𝛽𝛽𝛽𝛽) +

1
𝛽𝛽𝛽𝛽
𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡 

∆𝑞𝑞𝑞𝑞 % =  
�∑�

�𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 . − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 �
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 .

�
2

𝑛𝑛𝑛𝑛 − 1
∗ 100 

𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

 

ln𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
−∆𝐻𝐻𝐻𝐻°

𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
+
∆𝑆𝑆𝑆𝑆°

𝑅𝑅𝑅𝑅
 

(3)

Removal efficiency % = �
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

� ∗ 100 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑉𝑉𝑉𝑉(𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)

𝑊𝑊𝑊𝑊
 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

=  
1

𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚 ∗ 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙
+ 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
1

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓 +
1
𝑛𝑛𝑛𝑛
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒  

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓  ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
�1
𝑛𝑛𝑛𝑛� 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐵𝐵𝐵𝐵 ∗ ln(𝐾𝐾𝐾𝐾𝑡𝑡𝑡𝑡) + 𝐵𝐵𝐵𝐵 ∗ ln(𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 % = 100 ∗

∑�
(𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 − 𝑌𝑌𝑌𝑌𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙 )2

𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙2

𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁 𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇
 

𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 −  𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

𝑚𝑚𝑚𝑚𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡
𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡

=  𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡)𝑛𝑛𝑛𝑛  

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝐾𝐾𝐾𝐾2 ∗ 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

1
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

(𝑡𝑡𝑡𝑡) 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡
1

2� + 𝑎𝑎𝑎𝑎 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = �
1
𝛽𝛽𝛽𝛽
� 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝛼𝛼𝛼𝛼 ∗ 𝛽𝛽𝛽𝛽) +

1
𝛽𝛽𝛽𝛽
𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡 

∆𝑞𝑞𝑞𝑞 % =  
�∑�

�𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 . − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 �
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 .

�
2

𝑛𝑛𝑛𝑛 − 1
∗ 100 

𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

 

ln𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
−∆𝐻𝐻𝐻𝐻°

𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
+
∆𝑆𝑆𝑆𝑆°

𝑅𝑅𝑅𝑅
 

(4)

where: Ce (mg/L) and qe (mg/g) – the remained 
concentration of metal ions and the num-
ber of metal ions adsorbed on unit adsor-
bents (TRBW in this study) in the solu-
tion after the equilibrium, respectively;  
Kl – the Langmuir constant representing 
the binding site’s affinity;    
qm (mg/g) – denotes the maximum ad-
sorption capacity.

The separation factor RL is the fundamental 
characteristic that calculates from the Langmuir 
form (Belhadri et al., 2019):

Removal efficiency % = �
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

� ∗ 100 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑉𝑉𝑉𝑉(𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)

𝑊𝑊𝑊𝑊
 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

=  
1

𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚 ∗ 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙
+ 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
1

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓 +
1
𝑛𝑛𝑛𝑛
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒  

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓  ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
�1
𝑛𝑛𝑛𝑛� 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐵𝐵𝐵𝐵 ∗ ln(𝐾𝐾𝐾𝐾𝑡𝑡𝑡𝑡) + 𝐵𝐵𝐵𝐵 ∗ ln(𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 % = 100 ∗

∑�
(𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 − 𝑌𝑌𝑌𝑌𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙 )2

𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙2

𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁 𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇
 

𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 −  𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

𝑚𝑚𝑚𝑚𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡
𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡

=  𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡)𝑛𝑛𝑛𝑛  

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝐾𝐾𝐾𝐾2 ∗ 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

1
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

(𝑡𝑡𝑡𝑡) 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡
1

2� + 𝑎𝑎𝑎𝑎 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = �
1
𝛽𝛽𝛽𝛽
� 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝛼𝛼𝛼𝛼 ∗ 𝛽𝛽𝛽𝛽) +

1
𝛽𝛽𝛽𝛽
𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡 

∆𝑞𝑞𝑞𝑞 % =  
�∑�

�𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 . − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 �
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 .

�
2

𝑛𝑛𝑛𝑛 − 1
∗ 100 

𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

 

ln𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
−∆𝐻𝐻𝐻𝐻°

𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
+
∆𝑆𝑆𝑆𝑆°

𝑅𝑅𝑅𝑅
 

(5)

where:  RL – indicates the type of isotherm to be ir-
reversible (RL = 0), favorable (0 <RL< 1), 
linear (RL = 1) or unfavorable (RL > 1).

The Freundlich equation assumes the adsorp-
tion process is heterogeneous and onto a multi-
layer adsorbent surface (Li et al., 2012). (1/n) is 
the heterogeneity factor where the adsorbent sur-
face is more heterogeneous if the value of (1/n) 
is close to zero, and it is favorable and promising 
if the n and Kf values are lying from (1 to 10)and 
from (1 to 20) respectively (Batool et al., 2018), 
(Belhadri et al., 2019). 

This model is appropriate for the chemisorp-
tion (monolayer) and physisorption (multi-layer) 
systems (Freundlich, 1906).
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where: Kf ((mg/g) (L/mg)1/n) – represents the ad-
sorption capacity;     
1/n – an indicator of the intensity of ad-
sorption and depends on the heterogene-
ity of the material.

The third model of the molecules’ adsorption 
onto heterogeneous externals is the Temkin mod-
el, which suggests that during the adsorption pro-
cess, the adsorption heat leads to a linear decrease 
due to the interactions between the adsorbent and 
molecules (Mohammed et al., 2018).
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𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 % = 100 ∗

∑�
(𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 − 𝑌𝑌𝑌𝑌𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙 )2

𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙2

𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁 𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇
 

𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 −  𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

𝑚𝑚𝑚𝑚𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡
𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡

=  𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡)𝑛𝑛𝑛𝑛  

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝐾𝐾𝐾𝐾2 ∗ 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

1
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

(𝑡𝑡𝑡𝑡) 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡
1

2� + 𝑎𝑎𝑎𝑎 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = �
1
𝛽𝛽𝛽𝛽
� 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝛼𝛼𝛼𝛼 ∗ 𝛽𝛽𝛽𝛽) +

1
𝛽𝛽𝛽𝛽
𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡 

∆𝑞𝑞𝑞𝑞 % =  
�∑�

�𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 . − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 �
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 .

�
2

𝑛𝑛𝑛𝑛 − 1
∗ 100 

𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

 

ln𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
−∆𝐻𝐻𝐻𝐻°

𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
+
∆𝑆𝑆𝑆𝑆°

𝑅𝑅𝑅𝑅
 

(8)
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where: B = RT/b – the constant of Temkin cor-
responding to the adsorption heat;  
b (kJ/mol) – the heat of adsorption;  
Kt (L/g) – the constant of equilibrium 
binding that is related to the maximum 
binding energy.

 The parameters of models can be calculat-
ed from the slope and intercept that result from 
the fitted plots. The average absolute deviation 
(AAD%) was calculated using (Eq. 9), which also 
was used for comparison between the isotherm 
models in the prediction of adsorption capability 
(Malakahmad et al., 2016).

Removal efficiency % = �
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

� ∗ 100 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑉𝑉𝑉𝑉(𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)

𝑊𝑊𝑊𝑊
 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

=  
1

𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚 ∗ 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙
+ 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
1

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓 +
1
𝑛𝑛𝑛𝑛
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒  

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓  ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
�1
𝑛𝑛𝑛𝑛� 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐵𝐵𝐵𝐵 ∗ ln(𝐾𝐾𝐾𝐾𝑡𝑡𝑡𝑡) + 𝐵𝐵𝐵𝐵 ∗ ln(𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 % = 100 ∗

∑�
(𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 − 𝑌𝑌𝑌𝑌𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙 )2

𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙2

𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁 𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇
 

𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 −  𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

𝑚𝑚𝑚𝑚𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡
𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡

=  𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡)𝑛𝑛𝑛𝑛  

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝐾𝐾𝐾𝐾2 ∗ 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

1
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

(𝑡𝑡𝑡𝑡) 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡
1

2� + 𝑎𝑎𝑎𝑎 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = �
1
𝛽𝛽𝛽𝛽
� 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝛼𝛼𝛼𝛼 ∗ 𝛽𝛽𝛽𝛽) +

1
𝛽𝛽𝛽𝛽
𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡 

∆𝑞𝑞𝑞𝑞 % =  
�∑�

�𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 . − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 �
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 .

�
2

𝑛𝑛𝑛𝑛 − 1
∗ 100 

𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

 

ln𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
−∆𝐻𝐻𝐻𝐻°

𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
+
∆𝑆𝑆𝑆𝑆°

𝑅𝑅𝑅𝑅
 

(9)

Tables 3 and 4 show the correlation coeffi-
cients (R2), modeling and experimental adsorption 
capacities, average absolute deviation (AAD%), 
and constants of isotherm adsorption models in 
linear and non-linear, respectively. The results of 
all isotherms in linear and nonlinear have high 
R2 > (0.9). However, the R2 of linear Langmuir 
was the highest and reached more than > 0.99. 
The values of ADD% of linear isotherm were less 
than nonlinear. Moreover, the results of ADD% 
of the three linear isotherms were close to others. 
A slight difference can be recognized between all 
isotherms except the non-linear Freundlich has 
high values of AAD.

According to Figure 9a and the data in Tables 
3 and 4, the experimental maximum adsorp-
tion capacities (qe) are close to the (qm) obtained 
from the Langmuir isotherm. Moreover, the lin-
ear Langmuir equation was better fitting than the 

Table 3. Parameters of linear models of adsorption isotherm
Linear

Model Parameters Pb Cd Zn Cr Ni

Langmuir

qm (mg/g) 94.97 73.85 39.56 38.34 36.33
qexp.(mg/g) 87.83 69.86 39.25 37.13 34.95
Kl (L/mg) 0.49 0.23 0.19 0.16 0.13

R2 0.996 0.993 0.994 0.998 0.998
AAD % 9.06 14.89 18.07 7.19 8.29

Freundlich

Kf (L/mg) 24.14 13.89 8.49 7.09 6.37
n 1.88 2.16 2.79 2.56 2.54
R2 0.926 0.920 0.918 0.913 0.934

AAD % 8.22 7.57 7.65 7.06 6.66

Temkin

Kt (L/mg) 9.706 5.130 4.901 3.000 2.474
B 15.93 12.02 6.16 6.47 6.22
R2 0.964 0.982 0.985 0.982 0.992

AAD % 29.14 11.83 5.41 8.16 3.91

Table 4. Parameters of non-linear models of adsorption isotherm
Non-Linear

Model Parameters Pb Cd Zn Cr Ni

Langmuir

qm (mg/g) 95.37 70.27 37.66 37.38 35.58
Kl (L/mg) 0.45 0.26 0.23 0.17 0.14

R2 0.974 0.96 0.967 0.993 0.991
AAD % 10.95 11.52 10.19 5.71 6.65

Freundlich

Kf (L/mg) 31.54 19.52 11.86 10.67 9.38
n 2.896 3.05 3.85 3.67 3.51
R2 0.9 0.936 0.91 0.893 0.917

AAD % 45.25 34.85 25.48 28.42 23.61

Temkin

Kt (L/mg) 9.706 5.13 4.901 3.000 2.474
B 15.925 12.021 6.165 6.465 6.216
R2 0.956 0.978 0.982 0.978 0.99

AAD % 29.14 11.84 5.41 8.16 3.91
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Figure 9. Aplot of adsorption isotherms, (a) linear Langmuir isotherm, (b) linear Freundlich, and (c)linear Temkin

Figure 10. A plot of adsorption isotherms, (a) non-linear Langmuir, (b)Freundlich, and (c) Temkin isotherm

c)

b)a)

c)

b)a)
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other isotherms according to high R2 values. Also, 
the values of RL were arranged from (0.010 to 
0.169), (0.021 to 0.300), (0.026 to 0.351), (0.031 
to 0.393), and (0.0363 to 0.430) for Pb, Cd, Zn. 
Cr, and Ni, respectively, were an indicator that 
the adsorption was favorable. The n values of 
the Freundlich isotherm were more than (1) and 
smaller than (10), indicating that the adsorption 
of heavy metals onto TRBW is favorable, and the 
kf values for linear and non-linear were arranged 
(1 to 20) except Pb more than 20 and this is in-
dicator more heterogeneity. Moreover, the values 
of the correlation coefficient of Freundlich were 
good fitting and more than 0.9 as shown in Fig. 
9b and 10b but less than Langmuir model. The 
results of the Temkin model were suitable where 
the values of correlation coefficient R2 were more 
than 0.95 and good fitting as shown in Fig. 9c, 
and 10c, the binding constant was also high in ad-
dition to the values of B were more than 0, which 
was an indicator that the reactionary nature of the 
adsorption was exothermic due to the heat was 
released during the adsorption process.

Kinetics of adsorption

The study of adsorption kinetics is signifi-
cant in describing the involved mechanisms of 
molecules’ adsorption and the time necessary for 
the adsorption process (Batool et al., 2018). For 
the design of large sizes, adsorption facilities are 
very significant to study the mechanism of the ad-
sorption process as a chemical reaction and mass 
transfer. An appropriate kinetic model is required 
to investigate the rate data (Riahi et al., 2017). 
Most of the kinetic models that were applied 
to fit the kinetic adsorption experiments are the 
pseudo-first-order (PFO), pseudo-second-order 
(PSO), Elovich, and intraparticle diffusion mod-
els (Simonin, 2016). The linear forms of kinetic 
models were employed to explain the transport of 
metal ions inside the adsorbent particles.

Pseudo-first-order kinetics

The pseudo-first-order (PFO) kinetics model is 
most suitable for the lowest concentrations of an 
aqueous solution. It was established by the relation 
of Lagergren based on the adsorbed amount. It is 
the first equation speed presented to explain the 
adsorption kinetics in a liquid/solid system. The 
following form is represented the linear model of 
pseudo-first-order (Miyah et al., 2017):

Removal efficiency % = �
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

� ∗ 100 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑉𝑉𝑉𝑉(𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)

𝑊𝑊𝑊𝑊
 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

=  
1

𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚 ∗ 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙
+ 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
1

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓 +
1
𝑛𝑛𝑛𝑛
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒  

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓  ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
�1
𝑛𝑛𝑛𝑛� 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐵𝐵𝐵𝐵 ∗ ln(𝐾𝐾𝐾𝐾𝑡𝑡𝑡𝑡) + 𝐵𝐵𝐵𝐵 ∗ ln(𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 % = 100 ∗

∑�
(𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 − 𝑌𝑌𝑌𝑌𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙 )2

𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙2

𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁 𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇
 

𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 −  𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

𝑚𝑚𝑚𝑚𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡
𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡

=  𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡)𝑛𝑛𝑛𝑛  

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝐾𝐾𝐾𝐾2 ∗ 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

1
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

(𝑡𝑡𝑡𝑡) 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡
1

2� + 𝑎𝑎𝑎𝑎 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = �
1
𝛽𝛽𝛽𝛽
� 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝛼𝛼𝛼𝛼 ∗ 𝛽𝛽𝛽𝛽) +

1
𝛽𝛽𝛽𝛽
𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡 

∆𝑞𝑞𝑞𝑞 % =  
�∑�

�𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 . − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 �
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 .

�
2

𝑛𝑛𝑛𝑛 − 1
∗ 100 

𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

 

ln𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
−∆𝐻𝐻𝐻𝐻°

𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
+
∆𝑆𝑆𝑆𝑆°

𝑅𝑅𝑅𝑅
 

(10)

where: qt (mg/g) and qe (mg/g) – the number of 
molecules adsorbed at a time (t) and equi-
librium, respectively;     
k1 – the rate constant of adsorption of 
the (PFO) model (l·min-1).    
k1 and ln(qe) are equivalent to the slope 
and the interception of the straight line 
of the plot ln (qe – qt) plot versus (t), 
respectively.

Pseudo-second order model [PSO]

The form of the PSO adsorption reaction 
model presented by (Ho et al., 1999) was obtained 
after the integration of equation 11 for the value 
of (n =2) (Ho and McKay, 1999). It is appropriate 
for the small quantity of initial concentration (Ci) 
for the determination of initial adsorption capac-
ity (qe) (Batool et al., 2018).

Removal efficiency % = �
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

� ∗ 100 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑉𝑉𝑉𝑉(𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)

𝑊𝑊𝑊𝑊
 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

=  
1

𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚 ∗ 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙
+ 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
1

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓 +
1
𝑛𝑛𝑛𝑛
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒  

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓  ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
�1
𝑛𝑛𝑛𝑛� 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐵𝐵𝐵𝐵 ∗ ln(𝐾𝐾𝐾𝐾𝑡𝑡𝑡𝑡) + 𝐵𝐵𝐵𝐵 ∗ ln(𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 % = 100 ∗

∑�
(𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 − 𝑌𝑌𝑌𝑌𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙 )2

𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙2

𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁 𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇
 

𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 −  𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

𝑚𝑚𝑚𝑚𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡
𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡

=  𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡)𝑛𝑛𝑛𝑛  

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝐾𝐾𝐾𝐾2 ∗ 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

1
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

(𝑡𝑡𝑡𝑡) 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡
1

2� + 𝑎𝑎𝑎𝑎 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = �
1
𝛽𝛽𝛽𝛽
� 𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛(𝛼𝛼𝛼𝛼 ∗ 𝛽𝛽𝛽𝛽) +

1
𝛽𝛽𝛽𝛽
𝑙𝑙𝑙𝑙𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡 

∆𝑞𝑞𝑞𝑞 % =  
�∑�

�𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 . − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 �
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 .

�
2

𝑛𝑛𝑛𝑛 − 1
∗ 100 

𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

 

ln𝐾𝐾𝐾𝐾𝑎𝑎𝑎𝑎 =  
−∆𝐻𝐻𝐻𝐻°

𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
+
∆𝑆𝑆𝑆𝑆°

𝑅𝑅𝑅𝑅
 

(11)

It is assumed that the relationship between 
the adsorption capacity and the number of active 
sites occupied by the adsorbent is proportional. 
Besides linear equation 12, several other linear-
ized equations have been presented in the inter-
pretation of the experimental data.

Removal efficiency % = �
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

� ∗ 100 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑉𝑉𝑉𝑉(𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)

𝑊𝑊𝑊𝑊
 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

=  
1

𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚 ∗ 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙
+ 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
1

1 + 𝐾𝐾𝐾𝐾𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓 +
1
𝑛𝑛𝑛𝑛
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒  

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =  𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓  ∗ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
�1
𝑛𝑛𝑛𝑛� 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐵𝐵𝐵𝐵 ∗ ln(𝐾𝐾𝐾𝐾𝑡𝑡𝑡𝑡) + 𝐵𝐵𝐵𝐵 ∗ ln(𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 % = 100 ∗

∑�
(𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 − 𝑌𝑌𝑌𝑌𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙 )2

𝑌𝑌𝑌𝑌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙2

𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑒𝑒𝑒𝑒𝑁𝑁𝑁𝑁 𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇
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where: k2 (g·mg-1·min-1) – the rate constant;   
qe (mg·g-1) – the equilibrium adsorption 
capacity.

The values of qe and k2 were calculated from 
the slope and intercept of the straight line using 
the plot ln (t/qt) plot versus (t), respectively.

Intra-particle diffusion equation

The ion exchange process consists of many 
steps, and to determine (rate-determining step)
there is an urgent need for the intra-particle diffu-
sion model due to this model is the most common 
method for identifying the rate-determining step 
(Ofomaja et al., 2020) using the following equation.

Removal efficiency % = �
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where: qt – the number of molecules on the surface 
particle of the adsorbent at time t, (mg/g); 
kd – the intra-particle rate constant (mg/
g·min1/2);     
t – the time (min);   
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Table 5. Parameters of adsorption kinetic models
Model Parameter Pb Cd Zn Cr Ni

Pseudo-first 
order

K1 (min-1) 0.020 0.021 0.020 0.020 0.020

qexp (mg·g−1) 49.007 46.723 40.170 35.280 33.447

qcal (mg·g−1) 49.073 47.010 40.863 35.646 33.757

R2 0.993 0.972 0.972 0.971 0.975

∆q% 1.703 9.371 67.291 15.238 14.044

Pseudo-second 
order

K2 (L·min-1) 0.063 0.012 0.005 0.010 0.011

qexp (mg·g-1) 49.007 46.723 40.170 35.280 33.105

qcal (mg·g-1) 49.075 46.408 39.507 34.918 33.117

R2 1.000 1.000 0.998 0.999 0.999

∆q % 1.610 1.000 12.273 9.825 9.036

Intra-particle 
diffusion

Kd
(mg·g-1·min-1/2) 0.123 0.545 1.088 0.634 0.553

C (mg·g-1) 47.625 40.358 27.424 27.883 26.970

R2 0.953 0.968 0.981 0.951 0.976

∆q % 0.205 0.824 1.669 1.644 1.054

Elovich

β  (g·mg-1) 2.761 0.623 0.310 0.537 0.610

α  (mg·g-1·min-1) 1.3·10 56 3.96·10 10 4.53·102 1.74·10 6 6.67·10 6

R2 0.947 0.955 0.985 0.936 0.976

∆q % 0.947 1.011 1.669 1.986 1.081

c (mg/g) – a factor and is an indica-
tor about the thickness of the boundary 
layer (Miyah et al., 2017).   
The form of qt against t1/2 should be linear. 
If the plot is not linear and does not pass 
through the origin point, this means that 
an intra-particle diffusion model could 
not be the only mechanism involved (We-
ber Jr & Morris, 1963).

The Elovich equation

Elovich’s equation explains the kinetics of 
chemical adsorptions on heterogeneous surfaces 
of particlesdue to the interaction between the ad-
sorbed ions that occurs during the adsorption pro-
cess on the localized sites (Castro et al., 2018).

Removal efficiency % = �
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where: the parameter α (mg/g min) – the initial 
sorption rate;      
β (g/mg) – the desorption constant related 
to the extent of the surface coverage and 
activation energy for the chemisorptions 
(Boulaiche et al., 2019).

The model which provides the higher value of 
R2 and the lower value of standard deviation ∆q 
is the more suitable model to represent the kinetic 

adsorption. The following expression is the SD 
equation.
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Table 5 shows the correlation coefficients (R2), 
standard deviation (∆q), experimental adsorption 
capacity (qexp), and parameters of the above four 
equations where the results showed that the PFO 
model did not sufficiently fit the experimental val-
ues becausethe calculated equilibrium adsorption 
capacity qethat results from the intercept value is 
smaller than the measured experimental qt. The 
compatibility between the PFO model and experi-
mental data is within a specified range of contact 
time and was generally suitable for the first 20–30 
min of the adsorption process (Moussout et al., 
2018); therefore, it presents confirmation that the 
heavy metal adsorption using TRBW did not obey 
the PFO model (Zulfikar et al., 2013). Figure 11a 
shows the behavior of heavy metals according to 
the PFO model.

From Table 5, the calculated equilibrium ad-
sorption capacity (qcal) using the linear PSO model 
was close to the experimental value (qexp). More-
over, it has a high R2 and low ∆q values. There-
fore, it can be provided as an indicator that PSO is 



301

Journal of Ecological Engineering 2023, 24(5), 288–305

compatible with the adsorption process of heavy 
metals on the TRBW as shown in Figure 11b.

According to the high value of R2, the ∆q was 
the lowest; the experimental data is more com-
patible with the intra-particle diffusion model. 
Figure 12a explains that the plotting was in more 
than one region, and consequently, this indicates 
that the adsorption process resulted from more 
than one stage as external surface adsorption, in-
tra-particle diffusion, and final equilibrium stage 
(Rostami et al., 2018). 

The linear Elovich model was compatible 
with the experimental data by the correlation co-
efficient of R2 and ∆q value. However, the α value 
was very high. 

Figure 12b shows the adsorption kinetics with 
the Elovich model. According to the R2, ∆q values, 
the experimental data are fitted to the intra-particle 
diffusion, pseudo-second-order, and the Elovich 
model, as previously reported in Table 6.

Adsorption thermodynamics analysis

It is significant to study the effect of tem-
perature variation on adsorption. The constant of 
adsorption equilibrium Kc was determined from 
(Eq. 16) and is indispensable in the evaluation of 
the thermodynamic constants of the adsorbents 
(the change in enthalpy, ΔHo, the change in en-
tropy ΔSo and standard free Gibbs energy, ΔGo).
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where: Ce and qe– the equilibrium concentration 
and equilibrium adsorption respectively.
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where:  ΔH° and ΔS° – for the adsorption process 
are calculated from a slope and an inter-
cept that result from Eq. 17 (Van’t Hoff 
Equation).

Figure 11. Kinetic study of heavy metals adsorption onto TRBW, (a) PFO model and PSO model (b)

Figure 12. Kinetic study of heavy metals adsorption onto RBW, Intra-
Particle Diffusion model (a) and Elovich model (b)

b)a)
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The endothermic, reversibility, and spontaneity 
of the process were determined based on the change 
in enthalpy (ΔH°), the entropy (ΔS°), and the Gibbs 
energy (ΔG°), respectively. From the results in 
Table 6, it showed that the adsorption process was 
spontaneous and endothermic due to the negative 
(ΔG°) and positive (ΔH°) respectively, and the pos-
itive (ΔS°) is an indicator of the randomness at the 
interface of solid-solution during adsorption (Bou-
laiche et al., 2019; Kim & Kim, 2019).

Comparison of adsorption capacity

Using industrial solid waste as an adsorbent 
for the removal of heavy metals should possess 
several specifications, effective for the adsorption 
of a broad number of heavy metals, low cost, eas-
ily disposed of after adsorption or regeneration, 
and environment-friendly utilization. Table 7 
summarizes the previous studies for comparison 
according to the adsorption capacity.

CONCLUSIONS

Thermal remediation of bentonite waste re-
sults from factories recycling spent engine oil to 
minimize the risks to the environment and living 
beings by destroying all adhered hydrocarbon 
components. The color of obtained TRBW is a 
reddish-white powder with specific surface area, 
pore volume, and pore size equaled 67.17 m2/g, 
0.15 cm3/g, and 8.54 nm, respectively. From the 
experimental data and the results of the analysis 
can be concluded that the ability of using TRBW 
as anovel and a low-cost adsorbent for heavy met-
als removal in an aqueous solution.

The TRBW can be employed in the practi-
cal application of industrial wastewater treatment 
by batch and dynamic flow methods with a wide 
range of parameters, initial concentration, con-
tact time, temperature, and pH that have a role in 
the adsorption capacity. The XRD patterns, FTIR 
analysis, SEM images, BET, and EDS spectra 

Table 6. Parameters of adsorption thermodynamic analysis

Ions ΔH° (KJ/mol) ΔS° (KJ/mol K)
ΔG° (KJ/mol)

R2

30 K 40 K 50 K

Pb 54.87 203.64 -6.88 -8.78 -10.96 0.999

Cd 58.55 204.52 -3.38 -5.54 -7.46 0.999

Zn 21.55 71.65 -0.17 -0.87 -1.60 0.999

Cr 14.77 46.35 0.70 0.31 -0.23 0.999

Ni 11.09 34.57 0.62 0.25 -0.07 0.999

Table 7. Comparison with previous study of the maximum adsorption capacity of heavy metals
Adsorbent Adsorbate qm (mg/g) Reference

Bentonite coated with Fe3O4 magnetite nanoparticles Zn(II) 22.6 (Mohammed et al., 2018)

Active carbon Pb(II)
Zn(II)

6.7
11.2

(Mishra & Patel, 2009)
Bentonite Pb(II)

Zn(II)
7.6
9.1

Barbadensis Miller waste leaves powder Ni(II) 10 (Gupta & Kumar, 2019)

Lignite Cd(II) 38 (Jellali et al., 2021)

Esterified spent grain Cd(II) 473.9 (Li et al., 2012)

Natural bentonite Zn(II) 68.5 (Sen & Gomez, 2011)

Acid modified montmorillonite

Zn(II)
Cd(II)
Pb(II)
Ni(II)

76.92
0.62
1.62
4.00

(Akpomie & Dawodu, 2016)

Organo-bentonite Cr(VI) 10.04 (Castro-Castro et al., 2020)

Thermal remediated bentonite waste (TRBW)

Pb (II) 94.97

This study

Cd (II) 73.85

Zn (II) 39.56

Cr (II) 38.34

Ni (II) 36.33
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areas indicators of the capability of TRBW for ad-
sorption of the pollutants in an aqueous solution 
due to the chemical and morphological structure.

Due to the mineral, chemical structure, and al-
kalinity nature of TRBW, which create appropriate 
conditions for heavy metals adsorption where the 
maximum adsorptions of Pb, Cd, Zn, Cr, and Ni 
are 94.97, 73.85, 39.56, 38.34 and 36.33 mg/g, re-
spectively. By using three models inisotherm anal-
ysis, langmuir, freundlich, and temkin, it showed 
that the experimental data were more fitted to the 
langmuir model, and according to these results, it 
indicated that adsorption of the heavy metals onto 
the TRBWwas homogeneous, and from values of n 
and kl, the adsorption phenomena were favorable.
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